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Abstract
This paper reports the spectral responsivity of black silicon photodetector in a spectral range from 400 nm to 700 nm. 
According to the results, the responsivity of the detector annealed at temperature of 673 K by Rapid Thermal 
Annealing (RTA), is 58.8 A/W at 670 nm, which is nearly two orders of magnitude greater than the one without 
annealing treatment. Moreover, bias voltage plays another important role that greatly affects the spectral response of
the photodetector.
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1. Introduction
Conventional silicon photodetectors achieve high responsivity at wavelengths shorter than 850 nm [1], 
however, the band gap of 1.07 eV limits the photoresponse to wavelengths shorter than 1100 nm [2], 
causing the absorption coefficient of Si less than 103 cm-1 [3]. In 1999, Harvard professor Eric Mazur 
created a new kind of material, black silicon, by using the femtosecond laser irradiating the single crystal 
silicon in the presence of SF6. Black silicon owns lots of photoelectric advantages, such as high 
absorptance (>90% [4]), wide absorption spectrum (250 nm-2500 nm [5]-[7]). These properties could 
extend the application potential for Si-based optoelectronic devices and make them attractive for 
applications such as infrared imaging, infrared microbolometers, biomedical and chemical sensors [8]-[10] 
and optical communication [11]. Furthermore, black silicon being the building block semiconducting 
material of the present microelectronics and photovoltaic industry may play a major role in its low 
dimensional form, such as nanowires, nanorods, nanodots and so on [12].
Rapid thermal annealing (RTA) is a widely use post- thermal treatment for achieving shallow diffusion 
profiles [13], for silicide formation and annealing [14]-[15] in an attempt to reduce the thermal budget. 
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The impact of RTA temperature uniformity, ramp-up and cool-down rates on device parameters is a key 
issue that affects the manufacturability of the process [16]. In this work, RTA in N2 ambient was adopted 
to improve the contact of metal and silicon in the MSM structure. The rapid thermal annealing results in 
lowest concentrations of deactivating defects and limits the formation of point defects by migration 
process during the cooling down [17]. During annealing, the supersaturated dopants and defects diffuse 
out of the crystalline grains to the grain boundaries, thereby the material moves to a more 
thermodynamically favorable state [18]. It is revealed that N2 assisted RTA for the device can enhance 
photocurrent and thus boost the spectral responsivity of photodetector.
2. Experiment
The black silicon material was fabricated by wet etching the p-doped Si (100) wafer(R=8 Ω /cm2), 
and the photodetectors were constructed by MEMS. The producing procedure details: 1) Using alkaline 
solution(2.89g KOH+50mL deionized water+15mL isopropanol) to etch the silicon surface which was 
padded by Si3N4 as mask, in the Constant Temperature Water-bathing at temperature of 358 K, in order to 
obtain the micro-column structure. 2) Prepare reactive solution (V(H2O2):V(H2O):V(HF)=5:2:1,
V(HAuCI4)=1 mL, V(ethanol)=2 mL) and drip it equally on the surface of silicon to fabricate the 
nanopore structure, as Figure 1 shown. 3) Plating AI layer (200-300 nm) as the electrode with Vacuum 
Vapor Plating machine. 4. Obtain Metal-Semiconductor- Metal structure by using lithography. The 
structure of device is shown as Figure 2. 
After the fabrication, two devices were quickly annealed in N2 ambient for 60s by AG610 RTA system
at temperature of 573 K, 673 K, respectively. And another one was not annealed for comparison. AW-900 
control software was used to monitor the operation of AG610 RTA system. The process monitor screen is 
shown in Figure 3 and recipe parameter for annealing process at temperature of 673 K is shown in Table 
1. Where Step Func means process function, which describes the type of process function for that step, 
including Delay, Ramp and Steady. The Delay step instructs the controller to set the lamps to an intensity 
of 0 percent (off) while maintaining the gas flow rate. The Ramp step instructs the controller to increase 
the temperature at a constant rate until the desired temperature has been reached. The Steady step means 
that, during the steady step, the controller increases and decreases the lamp intensity so the desired 
temperature can be maintained. It then maintains that value until the specified time spent in the step has 
elapsed. According to the Figure 3 and Table 1, the ramp-up rate is 3.125 K/s while the cool-down rate is 
1.88 K/s.
                    
(a)                                                                                              (b)
Fig. 1.  SEM photos of porous structure achieved by wet etching at room temperature before annealing: (a) the nanopore structure 
after wet etching and (b) the cross-section view of micro-column on the surface of black silicon.
Fig. 2. Schematic diagram of a vertical cross-section 
through the black silicon photodetector.
Fig. 3.  AW-900 RTA process monitor screen
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Table 1. Processing parameter of AWRTA (at 673 K)
No. Step Func Time (S) Temp (K) N2 SLPM
1 Delay 40.0 298.0 8.0
2 Ramp 120.0 673.0 2.0
3 Steady 60.0 673.0 2.0
4 Delay 180.0 298.0 2.0
We measured the wavelength dependence of photocurrent per unit incident power of black silicon 
photodetectors with grating monochromator and Keithley4200. Xenon light source is used as emission
source and the measured spectrum is from 400 nm to 700 nm.
3. Results and discussion
Figure 4 presents the dependence of spectral responsivity on annealing temperature. The two 
photodetector were annealed in N2 ambient by AG610 RTA system at the temperature of 573K, 673K, 
respectively. At the annealing temperature of 573K, the ramp-up rate and cool-down rate are 2.29 K/s and 
1.83 K/s, respectively. On the other hand, at the annealing temperature of 673K, the ramp-up rate and 
cool-down rate are 3.125 K/s and 1.88 K/s. Since the cool-down process is spontaneous, there is no 
obvious difference on cool-down rate between 573 K and 673 K. All the detectors were measured at a 
bias of 1 V. In Figure 4, the responsivity goes up with increasing annealing temperature. The 
responsivities of the annealed detectors are nearly two orders of magnitude greater than the one without 
annealing treatment.  As for the detector without annealing, its responsivity is less than 1 A/W from 
400nm to 700 nm, with a peak responsivity of 0.27 A/W at 670 nm. However, the responsivities of the 
two annealed detectors are both larger than 1 A/W from 400nm to 700nm. As to the one annealed at 573 
K, the peak responsivity is 35.04 A/W at 680 nm, and the peak responsivity of the detector annealed at 
673 K is 58.8 A/W at 670 nm. Since the annealing treatment results in a redistribution of the point defects 
and restructure the vacancies near the black silicon-bulk silicon interface, the transport properties of the 
annealed layer could be improved[19]. Figure 5 shows that the spectral responsivity goes up with higher 
temperature. This is because that in a certain time period, higher temperature means higher ramp-up rate, 
which plays a main role in accelerating shallow diffusion of dopants and point defect. Higher ramp-up 
rate improved transport properties of annealed layer, therefore,   a higher responsivity was achieved.
In addition, the responsivity of the detector increases with increasing the wavelength, corresponding to 
the equation[20],
1.24
R
η λ=                                                                                                         (1)
where R is the responsivity of photodetector, η is the quantum efficiency of the black silicon material, λ
is the wavelength of received irradiation. Equation (1) indicates that the responsivity of detector is 
proportional to the wavelength of received radiation; therefore, longer wavelength corresponds to larger 
responsivity, which accords with the measurement above.
In contrast with the photovoltaic detectors, such as p-n or p-i-n junctions and Schottky-type diodes that 
can operate at zero bias due to the internal built-in electric field, an external voltage is required for 
operation of MSM device because of the symmetrical nature of its structure [21].
Figure 5 shows spectral responsivities of black silicon photodetectors, which were annealed in N2
ambient at 673 K, at a bias of 0.1 V, 0.5 V and 1 V, respectively. According to the results, the 
responsivity increases quickly with increasing the bias voltage. At a bias of 0.1 V, the responsivity of the 
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device is almost greater than 0.01 A/W from 400 nm to 700 nm, with a peak responsivity of 0.37 A/W at 
670 nm. At a bias of 0.5 V, the responsivity is greater than 0.1 A/W from 400 nm to 700 nm and reaches 
to the highest responsivity of 19.0 A/W at 670 nm. At a bias of 1 V, the responsivity is almost two orders 
of magnitude larger than the one at the bias of 0.1 V, with a peak responsivity of 58.1 A/W at 670 nm. 
The peak responsivities at these three different bias voltages are all at 670 nm. Due to the life time of 
photon generated carriers which is certain, increasing the bias voltage will extend their drift length, 
causing more photon generated carriers received by the electrodes, therefore, a larger photocurrent and 
then a greater responsivity was achieved. Consequently, the spectral responsivity increases with 
increasing the bias voltage of the MSM photodetector and the sensor could achieve a high 
responsivity(58.1 A/W) even under relatively low voltages(1 V). 
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Fig. 4. Spectral responsivity under different annealing tempera-      Fig. 5. Wavelength dependence of responsivity of black 
tures(573 K, 673 K) compared with the one which had not           silicon photodetector at a bias of 0.1 V, 0.5 V and 1 V
been annealed, at a bias of 1 V.
4. Conclusion 
Rapid Thermal Annealing temperature and bias voltage are the key issues that affect the spectral 
responsivity of black silicon photodetector to a great extend. An external voltage is required for the 
photodetector due to the symmetrical nature of the MSM structure. According to the results, the 
photodetector could achieve a high responsivity even under a relatively low bias voltage. On the other 
hand, RTA treatment improved the transport properties of the annealed layer and enhanced the contact of 
metal and semiconductor in electrodes. Thus, this post-thermal treatment advanced the responsivity of 
MSM photodetector based on black silicon. The peak responsivity of the detector annealed at temperature 
of 673 K could attain 58.8 A/W at 670nm. In sum, annealing is a crucial post-treatment to improve the 
spectral response of black silicon photodetector.
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